The ability of three oximes (HI-6, trimedoxime, K203) to reduce cyclosarin-induced acute neurotoxic signs and symptoms was compared with the neuroprotective efficacy of two combinations of oximes (HI-6 + trimedoxime, HI-6 + K203) using a functional observational battery. Cyclosarin-induced neurotoxicity and the neuroprotective effects of HI-6, trimedoxime or K203 alone and HI-6 combined with trimedoxime or K203 in rats poisoned with cyclosarin at a sublethal dose (80 µg/kg i.m.; 70% of LD 50 value) were monitored by the functional observational battery at 24 hours and 7 days following cyclosarin challenge. The results indicate that all types of antidotal treatment are able to survive cyclosarin-poisoned rats 7 days following cyclosarin poisoning while one non-treated cyclosarin-poisoned rats died within 24 hours following cyclosarin challenge. All three oximes alone as well as both oxime mixtures combined with atropine were able to slightly decrease cyclosarin-induced neurotoxicity in the case of sublethal poisoning but they did not eliminate all cyclosarin-induced acute neurotoxic signs and symptoms. Their ability to reduce cyclosarininduced acute neurotoxicity was almost the same regardless of type of antidotal treatment. Thus, the tested combinations of oximes were not able to increase the neuroprotective effectiveness of antidotal treatment of acute cyclosarin poisoning compared to the individual oximes.
INTRODUCTION
Highly toxic organophosphorus compounds called nerve agents are considered to be the most dangerous chemical warfare agents. Their acute toxic effects are based on phosphylation of acetylcholinesterase (AChE, EC 3.1.1.7) leading to the irreversible inhibition of this enzyme and subsequent overstimulation of postsynaptic cholinergic receptors due to the accumulation of the neurotransmitter acetylcholine in synapses of the central and peripheral nervous systems (1, 23, 26) . The current standard antidotal treatment of poisoning with nerve agents usually includes a muscarinic cholinergic receptor antagonist (preferably atropine) to block the overstimulation of cholinergic receptors by acetylcholine and an oxime to reactivate nerve agent-inhibited AChE (9, 36 Nerve agents can produce centrally-mediated seizure activity that rapidly progresses to status epilepticus and contributes to profound brain damage (26, 36) . Therefore, the ability of antidotes to block the acute neurotoxic effects of nerve agents and prevent the development of irreversible lesions in the central nervous system (CNS) is important for successful antidotal treatment. Generally, the oximes exert more potent effects in the peripheral compared to central system due to their poor penetration into CNS. Nevertheless, there are published results demonstrating the penetration of oximes into CNS and subsequent reactivation of nerve agent-inhibited AChE in the brain (3, 34) . Although the rate of reactivation of nerve agent-inhibited AChE in the brain is lower compared to the peripheral system, the role of reactivation of nerve agent-inhibited AChE in the brain is important for survival from nerve agent exposure (1, 9) .
Unfortunately, experimental results confirm that there is no currently available, broad-spectrum oxime suitable for the antidotal treatment of poisonings with all nerve agents (2, 13, 27) . Therefore, the replacement of commonly used oximes (pralidoxime, obidoxime) as well as H-oximes (the oxime HI-6) with a more effective oxime with a broader spectrum has been a long-standing goal for the treatment of nerve agents poisoning. During the past several decades, a lot of new oximes were synthesized. Although some of them can be considered to be promising oximes against some nerve agents, none of them is sufficiently effective against all nerve agents regardless of their chemical structure (28, 32) . Recently, the oxime K203 [1-(4-carbamoylpyridinium)-4-(4-hydroxyiminomethylpyridinium)-but-2-ene dibromide] was synthesized at our Department of Toxicology (30) and its pharmacokinetics was studied (7) . Based on in vitro and in vivo evaluation of its reactivating, therapeutic and neuroprotective efficacy, it was considered to be the promising oxime against tabun but not against cyclosarin and soman (11, 12, 14, 15, 16, 19) .
As no oxime able to suffciently reactivate AChE inhibited with all nerve agents has been found till now, to combine two oximes able to cover the whole spectrum of nerve agents seems to be the promising way how to reach the sufficiently effective antidotal treatment of acute poisonings with nerve agents regardless of their chemical structure. The mixture of two oximes could express the sufficient ability to reactivate nerve agent-inhibited AChE in the peripheral as well as central nervous system regardless of the chemical structure of nerve agent.
In this paper, the combination of HI-6 with trimedoxime or K203 was used. The neuroprotective efficacy of the chosen mixtures of oximes in combination with atropine was evaluated against cyclosarin (GF; cyclohexyl methylphosphonofluoridate) because its acute neurotoxicity is difficult to antagonize due to low potency of all commonly used oximes to reactivate cyclosarin-inhibited brain AChE (6, 27) The main aim of this study was to compare the neuroprotective efficacy of three individual oximes (trimedoxime, HI-6, K203) with two mixtures of oximes containing the oxime HI-6 and trimedoxime or the oxime K203 in combination with an anticholinergic drug atropine in cyclosarin-poisoned rats. The cyclosarin-induced neurotoxic signs were determined using a functional observational battery, a non-invasive and relatively sensitive type of neurological examination for a wide range of neurobiological functions including measurements of sensory, motor and autonomic nervous functions.
MATERIAL AND METHODS
Male albino Wistar rats weighing 200-230g were purchased from VELAZ (Prague, Czech Republic). They were kept in an air-conditioned room (22 ± 2 oC and 50 ± 10% relative humidity, with lights from 7.00 to 19.00 hr) and allowed access to standard food and tap water ad libitum. The rats were divided into groups of 7 animals. Handling of the experimental animals was performed in compliance with relevant laws and institutional guidelines and done under the supervision of the Ethics Committee of the Faculty of Military Health Sciences in Hradec Kralove (Czech Republic).
Cyclosarin was obtained from Military Technical Institute in Brno (Czech Republic) and was 98.5 % pure. Its purity was assayed by acidimetric titration. Trimedoxime, the oxime HI-6 and a newly developed oxime K203 (Figure 1 ) of 97.0 % purity were synthesized earlier at the Department of Toxicology of the Faculty of Military Health Sciences in Hradec Kralove (Czech Republic) (31, 32) . Their purity was analysed using HPLC. All other drugs and chemicals of analytical grade were obtained commercially and used without further purification. All substances were administered intramuscularly (i.m.) at a volume of 1 mL/kg body weight (b.w.)
Cyclosarin was administered at a sublethal dose (80 µg/kg b.w. -70% LD 50 ). One minute following cyclosarin challenge, the rats were treated with atropine (21 mg/kg b.w.) in combination with trimedoxime, HI-6 or K203 alone or with the combination of HI-6 and trimedoxime or K203 at equitoxic doses corresponding to 5% of their LD 50 values. The neurotoxicity of cyclosarin was monitored using the functional observational battery at 24 hours and 7 days following cyclosarin poisoning. The evaluated markers of cyclosarin-induced neurotoxicity in experimental animals were compared with the parameters obtained from control rats given saline instead of cyclosarin and antidotes at the same volume (1 mL/kg b.w.).
The functional observational battery consists of 44 measurements of sensory, motor and autonomic nervous functions. Some of them are scored (Table  1) , the others are measured in absolute units (5) . The first evaluation was obtained when cyclosarinpoisoned rats were in the home cage. The observer evaluated each animal`s posture, palpebral closure and involuntary motor movements. Then, each rat was removed from the home cage and briefly handheld. The exploratory activity, piloerection and other skin abnormalities were noted. Salivation and nose secretion were also registered and scored. Then, the rats were placed on a flat surface which served as an open field. A timer was started for 3 min during which the frequency of rearing responses was recorded. At the same time, gait characteristics were noted and ranked, and arousal, stereotypy and bizarre behaviors and abnormal posture were evaluated. At the end of the third min, the number of fecal boluses and urine pools on the adsorbent pad was registered. Reflex testing comprising recording each rat`s response to the frontal approach of the blunt end of a pen, a touch of the pen to the posterior flank and an auditory clic stimulus was also used. The response to a pinch on the tail and the ability of pupils to constrict in response to light were then assessed. These measures were followed by a test for the aerial righting reflex and by the measurements of forelimb and hindlimb grip strength, body weight, body temperature and finally hindlimb landing foot splay. The whole battery of tests required approximately 6-8 min per rat. The observer of behavior did not know about the design of experiments.
Kassa et al.: Neuroprotective efficacy of oximes against cyclosarin

HI-6
Trimedoxine K203 Figure 1 . Chemical structure of oximes studied (33) . The differences were considered significant when p < 0.05.
RESULTS
All treated cyclosarin-poisoned rats survived till the end of experiment (7 days following the intoxication). On the other hand, one non-treated cyclosarinpoisoned rat died within 24 hr after cyclosarin challenge.
The evaluation of cyclosarin-induced neurotoxic signs at 24 hours following intoxication proved significant alteration of 12 observed parameters. Cyclosarin caused passive behavior of rats during handling and catching, miosis and a decrease in muscular tonus. The exploratory activity was significantly decreased. In addition, the rats poisoned with cyclosarin did not show any reaction during a reflex testing consisting of recording each rat`s response to the frontal approach of the blunt end of a pen. No ability of pupils to constrict in response to light was demonstrated either. Additionally, a significant decrease in hindlimb grip strength, body temperature and food receiving was also observed at 24 hours following cyclosarin challenge ( Table 2) .
The newly developed oxime K203 as well as currently available trimedoxime and HI-6 in combination with atropine showed a slight potency to reduce cyclosarin-induced neurotoxic signs but they were not 
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able to eliminate all cyclosarin-induced signs of acute neurotoxicity. Miosis, no ability of pupils to constrict in response to light, no reaction during a reflex testing consisting of recording each rat`s response to the frontal approach of the blunt end of a pen and a decrease in muscular tonus, hindlimb grip strength, body temperature and food receiving were observed at 24 hours following cyclosarin challenge and antidotal treatment with atropine in combination with K203, obidoxime or HI-6. In addition, cyclosarin poisoned rats treated with K203 in combination with atropine showed passive behavior of rats during catching and handling. In the case of treatment with combinations of oximes (HI-6 + trimedoxime, HI-6 + K203), the cyclosarin-poisoned rats showed practically the same neurotoxic sings and symptoms at 24 hr after cyclosarin poisoning with the exception of the loss of the reaction during a reflex testing consisting of recording each rat`s response to the frontal approach of the blunt end of a pen. In addition, cyclosarin poisoned rats treated with the oxime mixture consisting HI-6 + K203 in combination with atropine showed passive behavior of rats during catching and handling ( Table 2) . 44 respiration 0,00 0,00 0,00 0,00 0,00 0,00 0,00 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 6 The 7 days neurotoxicity evaluation showed similar results. While the evaluation of cyclosarin-induced neurotoxic signs and symptoms at 7 days following intoxication showed almost the same clinical picture compared to 24 hours after cyclosarin challenge -a significant alteration of 7 observed parameters (passive behavior of rats during handling and catching, ataxia, miosis, no ability of pupils to constrict in response to light and a significant decrease in hindlimb grip strength), the antidotal treatment of cyclosarin poisoning brought similarly slight elimination of cyclosarin-induced neurotoxic signs and symptoms regardless of the type of antidotes used (Table3). 1 posture 1,00 1,00 1,00 1,00 1,00 3,00* 3,00* 2 catch difficulty 2,00 2,00 2,00 2,00 2,00 1,00* 1,00* 3 ease of handling 2,00 2,00 2,00 2,00 2,00 1,00* 1,00* 4 muscular tonus 0,00 0,00 0,00 0,00 0,00 0,00 0,00 44 respiration 0,00 0,00 0,00 0,00 0,00 0,00 0,00 n = 7 n = 7 n = 7 n = 7 n = 7 n = 7 n = 6 Table 2 .
hours:
Controls GF + A + HI-6 + K203 GF + A + HI-6 + trimedoxime GF + A + K203 GF + A + trimedoxime GF + A + HI-6 GF
No
days
5 lacrimation0,00 0,00 0,00 0,00 0,00 0,00 0,00 6 palpebral closure 1,00 1,00 1,00 1,00 1,00 1,00 1,00 7 endo/exophtalmus 0,00 0,00 0,00 0,00 0,00 0,00 0,00 8 fur abnormalities 0,00 0,00 0,00 0,00 0,00 0,00 0,00 9 skin abnormalities 0,00 0,00 0,00 0,00 0,00 0,00 0,00 10 salivation 0,00 0,00 0,00 0,00 0,00 0,00 0,00 11 nose secretion 0,00 0,00 0,00 0,00 0,00 0,00 0,00 12 rearing 3,43 5,00 4,43 3,87 1,29 1,60 1,14 2,04 2,43 3,31 2,43 2,23 0,33 0,82 13 urination 0,00 0,00 0,00 0,00 0,00 0,00 0,00 14 defecation 0,00 0,00 0,00 0,00 0,00 0,00 0,00 15 hyperkinesis 0,00 0,00 0,00 0,00 0,
DISCUSSION
Nerve agents including cyclosarin appear to cause centrally mediated seizure activity that can rapidly progress to status epilepticus and contribute to profound brain damage. Nerve agent-induced hyperstimulation of cholinergic muscarinic receptors in the brain can induce the first phase of centrally mediated seizures, whereas sustained seizures (status epilepticus) are probably associated with increased glutamatergic activity leading to excitotoxic damage predominantly in the hippocampus, amygdala, piriform and entorhinal cortices (29) . Thus, the exposure of experimental animals to nerve agents in convulsions-inducing doses may result in irreversible lesions in CNS that can be manifested as neurobehavioral effects in convulsing survivors (1) . Therefore, the ability of antidotes to counteract acute neurotoxic effects of nerve agents and prevent nerve agent-poisoned organisms from irreversible lesions in CNS is very important for the successful antidotal treatment of acute nerve agent poisonings.
Unfortunately, the neuroprotective efficacy of all currently available oximes as well as newly developed oximes is rather low, probably due to poor penetration through blood-brain barrier (BBB) and low reactivating efficacy in the CNS (8, 22, 37) . Even the oxime HI-6 that is considered to be the best reactivator of cyclosarin-inhibited AChE (6, 9, 10, 20, 21) is not satisfactorily effective oxime for the elimination of cyclosarin-induced neurotoxic signs and symptoms due to low penetration through BBB and low reactivating efficacy in the CNS (6, 22) . On the other hand, it is known that the oximes may also attentuate nerve agent-induced brain insult via different mechanisms other than AChE reactivation (35) .
As no oxime has been developed to satisfactorily counteract the acute neurotoxicity of nerve agents regardless of their chemical structure till now, the combination of two oximes seems to be the rational solution how to ensure the neuroprotective efficacy of antidotal treatment of acute poisonings with nerve agents (including cyclosarin) regardless of their chemical structure. To combine the oximes for the antidotal treatment of acute nerve agent poisonigs, the oxime HI-6 should be considered to be the most important oxime because it is the oxime with the broadest spectrum among commonly used oximes. The oxime HI-6 is sufficiently effective against many nerve agents but it is weak reactivator of tabun-inhibited AChE (24, 39) . Therefore, the second oxime, involved into the combination, should be the oxime sufficiently effective against tabun. For our experiments, trimedoxime or the oxime K203 was chosen because trimedoxime has at least some effect against tabun-inhibited AChE (13) and the oxime K203 was found to be a promising oxime against tabun (11, 19, 30) .
In vitro evaluation of the potency of the combination of two oximes to reactivate nerve agents inhibited AChE showed that combining two oximes had no negative effects on the reactivation of nerve agent-inhibited AChE and, in addition, it had a beneficial effects by broadening the spectrum of the individual oximes (38) . These results correspond to in vivo results from mice, rats and guinea-pigs published by several authors (4, 18, 25) . It was found that the mixture of the oxime HI-6 and trimedoxime in the presence of atropine and diazepam ensures the higher degree of protection against poisoning by tabun, sarin and VX than the mixtures of HI-6 with pralidoxime or obidoxime (17) . The beneficial effects of the combination of oximes compared to a single oxime treatment in reactivating nerve agent-inhibited AChE could be explained by an elevated plasma oxime level and synergetic effects of both oximes (38) . Nevertheless, our results demonstrate that the combination of the oxime HI-6 with trimedoxime or K203 did not bring any beneficial effect for the potency of single oximes (HI-6, trimedoxime, K203) to reduce acute neurotoxic effects of cyclosarin. The absence of an increase in the neuroprotective efficacy of chosen oxime mixtures compared to tested single oximes could be explained by a limited penetration of oximes through BBB (22) and limited reactivation of nerve agent-inhibited AChE in the brain (6, 9) .
